A two-dimensional simulation of a solar flare is performed using a newly developed magnetohydrodynamic (MHD) code that includes a nonlinear anisotropic heat conduction effect. The numerical simulation starts with a vertical current sheet that is line-tied at one end to a dense chromosphere. The flare energy is released by the magnetic reconnection mechanism that is stimulated initially by the resistivity perturbation in the corona. The released thermal energy is transported into the chromosphere by heat conduction and drives chromospheric evaporation. Owing to the heat conduction effect, the adiabatic slow-mode MHD shocks emanated from the neutral point are dissociated into conduction fronts and isothermal slow-mode shocks. We discovered two new features, i.e., (1) a pair of high-density humps on the evaporated plasma loops that are formed at the collision site between the reconnection flow and the evaporation flow, and (2) a loop-top dense blob behind the fast-mode MHD shock. We also derived a simple scaling law for the flare temperature described as
where T A , B, r, and are the temperature at the flare loop apex, the coronal magnetic field strength, the coronal k 0 density, and the heat conduction coefficient, respectively. This formula is confirmed by the numerical simulations. Temperature and derived soft X-ray distributions are similar to the cusplike structure of long-duration-event (LDE) flares observed by the soft X-ray telescope aboard Yohkoh. Density and radio free-free intensity maps show a simple loop configuration that is consistent with the observation with the Nobeyama Radio Heliograph. Subject headings: conduction -MHD -plasmas -Sun: flares 1. INTRODUCTION Magnetic reconnection (Parker 1963; Petschek 1964 ) is now believed to be the primary energy release mechanism for a solar flare. The observation of cusp-shaped loops in the soft X-ray (Tsuneta et al. 1992 ) and the discovery of hard X-ray sources above soft X-ray loops (Masuda et al. 1994 ) both support this model that predicts the primary site of the energy release above the soft X-ray loops. The discovery of escaping plasmoids from flare sites (Shibata et al. 1995; Ohyama & Shibata 1997 ) is another piece of evidence for this model because the theory predicts ejection of plasma from the reconnection site.
During the flare, chromospheric evaporation occurs (Neupert 1968; Hirayama 1974) . It is an ablation of chromospheric plasma by the energy released through reconnection and transported by heat conduction and/or by nonthermal electrons. The observational evidence for this process is the blueshifted component of the soft X-ray spectral lines that indicate the upward motion of the ablated plasma (Feldman et al. 1980; Culhane et al. 1992; Doschek et al. 1992) . Recent observations of moving plasma in soft X-ray images confirm this process (Savy 1997) .
For the theoretical studies, two-dimensional simulations of a flare have been performed (Forbes & Priest 1983; Magara et al. 1996; Ugai 1996; Forbes & Malherbe 1991; Hori et al. 1997) . Forbes, Malherbe, & Priest (1989) constructed a semianalytical model of flare loops, by considering jump conditions across various discontinuities. However, there is still no self-consistent simulation of a flare, including both the energy release by magnetic reconnection and the thermal and dynamical processes of evaporation. Therefore, many questions still remain unanswered: How is the cusp-shaped loop formed? What determines the flare temperature and its distribution? What effect would the evaporated plasma give on the reconnection process?
In order to solve these questions and the controversy, we study the reconnection and the chromospheric evaporation by means of a two-dimensional MHD simulation using the newly developed numerical code that includes a nonlinear anisotropic heat conduction effect ). Since both processes are self-consistently simulated, it is possible to see the effect of coupling between them. X-ray maps are derived from the numerical results after taking into account the filter response of the Yohkoh soft X-ray telescope. A free-free emission map is also obtained to compare with the radio image.
MODELS
We solve the nonlinear, time-dependent, resistive, compressible MHD equations. A rectangular computation box with twodimensional Cartesian coordinates in the x-z plane is assumed. The surface of the Sun is at . The y-component of the z ϭ 0 partial derivative is neglected, although the velocity and Ѩ/Ѩy V y magnetic field are included. The medium is assumed to be B y an inviscid perfect gas with a specific heat ratio of . g ϭ 5/3 Gravitational acceleration is ignored. An anomalous resistivity model is assumed, as described later. Ohmic heating and the heat conduction effect are taken into account. The conduction coefficient is the Spitzer-type one that is proportional to , 5/2 T where T is temperature. We also assume that it is nonisotropic, working only in the direction along the magnetic field line so
in the simulations, where and are the conductivity
along and across the magnetic field, respectively. The variables are normalized by quantities related to the initial conditions described below. The units of length, velocity, and time in the simulations are d, C s0 , and , respect { d/C s0 tively, where d and C s0 are the thickness of the initial current sheet and the sound speed of the initial coronal plasma. Density and temperature are normalized with the initial coronal values and , respectively.
The initial plasma is in magnetohydrostatic equilibrium with antiparallel magnetic fields, between which a current sheet is situated ( of Fig. 1 below) . The initial gas pressure and t ϭ 0 p i the magnitude of the magnetic field prescribed
by the plasma beta are uniform everywhere except for b ϭ 0.2 the current sheet region where the field direction continuously changes as and .
We took a very idealized model of a chromospheric plasma as a dense and low-temperature region located in . The ratio z ! 1 of the chromospheric density to the coronal one is 10
5
. The magnetic field lines are effectively line-tied to the x-axis because of the large inertia of this heavy plasma. The initial equilibrium is perturbed by a finite resistivity in in t ≤ t ϭ 2 i a localized spot in the current sheet. The center of the spot is at position , and the radius of the spot is 0.8.
The maximum value of the resistivity is 0.1. For , the t 1 t i resistivity is determined self-consistently from the local value of the current density for every time step. It is described as for , and ϭ for ,
where is the resistivity parameter, the (relative 
the elementary electric charge and n is the particle number density.] We also assumed that there is an upper limit, . h ϭ 0.3 max For comparison with observations, we assume that the units of the temperature, density, and length are, respectively, , , and ,
where m is the mean particle mass. Then the sound velocity is , and the Alfvén velocity is
when . So the sound-crossing time
Ϫ1
410 km s b ϭ 0.2 t { , the Alfvén-crossing time , and
Boltzmann constant). Thus, the conduction time is shorter than the Alfvén-crossing time.
In the numerical procedures, the modified Lax-Wendroff method is used for the MHD part of the calculations, and the red and black overrelaxation method is adopted for the heat conduction part (e.g., Hirsch 1989, p. 476 Figure 1 show the initial conditions. Because t ϭ 0 of the enhanced resistivity, the point in the current sheet z ϭ 20 evolves to an X-point of the magnetic reconnection ( ; t ϭ 10 Ugai 1996). The reconnected field lines, together with the frozen-in plasma, are ejected as upward and downward jets from this X-point because of the magnetic tension force. The velocity of the reconnection jets -2.2 is approximately V ϭ 1.5 jet the Alfvén speed of the inflow region. A pair of inflows takes place from positive and negative x-directions of the X-point. The velocity of the inflows is .
shocks are formed at the boundary between the inflows and the outflows. These characteristics, such as jets, inflows, and slow-mode MHD shocks, are consistent with those predicted by Petschek's (1964) model. In the temperature distribution at in Figure 1 , a clear t ϭ 20 cusp shape is seen. The outer edge of this cusp is a pair of the conduction fronts propagating from the X-point. The conduction fronts transport the thermal energy, which is released at the slow-mode shocks in this region, along the field lines and form the cusp shape of hot plasma. Note that the global cusp shape of the hot region behind the conduction front is similar to the soft X-ray solar flare loops in long-duration-event (LDE) flares (Tsuneta et al. 1992) .
Since the conduction front propagates faster than the inflow of the shock, the temperature jump between the inflow and the outflow is smoothed away. The jumps in the density distribution at in Figure 1 are therefore isothermal slow-mode MHD t ϭ 20 shocks. Thus, it can be said that the adiabatic slow-mode MHD shocks are dissociated into conduction fronts and isothermal shocks by the heat conduction effect (Forbes et al. 1989; .
The reconnected magnetic field that goes down from the Xpoint finally forms a closed loop ( in Fig. 1 ). At the top t ϭ 25 of this loop, the reconnection jet collides with the loop plasma. A fast-mode MHD shock is formed, and the jet plasma is compressed behind this shock. The dense blob at (x, z) ϭ (0, 11) is a product of this effect. In the density distribution, a growing plasma mound can be seen in the panels of and t ϭ 20 t ϭ of Figure 1 . This is a direct consequence of the chromo-25 spheric evaporation. The plasma in the upper chromosphere is suddenly heated up by the penetration of the heat conduction front. As a result, the gas pressure in this region is increased to drive a backflow toward the corona, i.e., the evaporation flow. This flow carries the dense plasma into the corona. The velocity of the evaporation flow is -0.4 and is 0.2-0.3 V ϭ 0.2 ev times the local sound speed. The density of the evaporated plasma is ≈10 times the initial coronal density at maximum and ≈5 times the average. Note that the evaporation plasma does not reach the X-point but is only in the closed loops. This is the difference between the observed loop structure in the soft X-ray and that in the radio, which is discussed in the next paragraph. A pair of high-density humps are found on the evaporated plasma mound at (x, z) ϭ ‫,3ע(‬ 8) in of Figure t ϭ 25 1. This hump is clearly seen in the one-dimensional plot along a particular magnetic field line in the loop (Fig. 3) . They are formed because of the collision between the evaporation flow from the chromosphere and the reconnection flow from the neutral point.
The evolution from the rise phase to (the early part of) the decay phase of a solar flare should be reproduced in this simulation. We "observe" the computation results under the response of the real X-ray instruments. They are compared with the real flares on the Sun. Figure 4 shows the derived images from the "observation" of the simulation results after taking into account the response of the beryllium and the thin aluminum filters of the Yohkoh soft X-ray telescope (Tsuneta et al. 1991) . The X-ray distribution is very similar to the observed cusplike structure of loops of LDE flares (Tsuneta et al. 1992) . beryllium and the thin aluminum filters, respectively. The radio map I free-free is derived under the assumption that the emission is by the thermal free-free mechanism. The unit of intensity is arbitrary.
The thermal free-free emission of the plasma that should be observed with the radio telescopes is also shown in Figure 4 . The calculated shape of the bright region in radio is looplike because the thermal emission is stronger from the cool plasma in the evaporation flow than from the hot plasma in the cusp. This result is consistent with the Nobeyama Heliograph observation showing a simple loop structure in the radio image of the LDE flare with an X-ray cusp (Hanaoka 1994) . It is noted that the outer edge of the cusp structure is the conduction fronts, not the slow-mode MHD shocks. It is also pointed out that there is a dip in the temperature distribution at the loop top (see the contour line of in Fig. 2 ) formed by the T ϭ 2 penetration of the reconnection jet into the closed loops. This is similar to the observed temperature distribution of the impulsive flare (Tsuneta et al. 1997) .
One interesting theoretical question that should arise from the present problem is as follows: what effect does heat conduction and chromospheric evaporation have on the magnetic reconnection rate? In order to answer this question, we perform several runs by changing the parameter, the ratio between the Alfvén and the conduction time,
. The cases with a paramt /t A c eter range of -4 are studied, and the case without t /t ϭ 0.04 A c conduction is also studied. The results show that there is no significant effects of heat conduction and evaporation on reconnection rate, at least, in this range. This result is consistent with the simulation of reconnection with only the heat conduction effect by . The evaporated plasma does not affect the reconnection process because it does not reach the X-point.
The next interesting question is as follows: what determines the flare temperature and its distribution? If we assume that the input of energy to a loop balances with the conduction cooling rate, the temperature at the loop apex is T ≈ A , where Q is the volumetric heating rate and L is 2 2/7 (2QL /k ) 0 the half-length of the loop (Fisher & Hawley 1990 ). In our simulations, the heating mechanism is the magnetic reconnection, so that the heating rate is described as Q ϭ , where is the inflow velocity 
In order to check this, we performed several runs with different b (Fig. 5) . The simulation results show very good agreement with this scaling law. This means that the loop temperature is determined by the balance between the heating by reconnection over the loop top and the cooling by conduction along the loop.
DISCUSSION
In this Letter, we derived a simple scaling law, equation (1), for the flare temperature, which was also confirmed by the numerical simulations as shown in Figure 5 hand, the calculated temperature -6 MK in our simula-T ϭ 3 tions of a particular model shown in Figures 1-4 is lower than this typical value. This is clearly due to the initially high b (≈0.2) value. However, in the case of large-scale flarelike events seen in the real corona, such as the arcade reformation associated with the prominence eruption (e.g., Hiei, Hundhausen, & Sime 1993; McAllister et al. 1996) , the plasma beta is considered to be large because the magnetic strength becomes weaker as the scale size becomes larger and moves farther from the sunspots on the photosphere. We can directly compare our simulation result with these events and find that the temperature of the reconnected loop in the simulation is in good agreement with the observed temperature in these large-scale T ≈ 3 MK arcade events (McAllister et al. 1996) .
Finally, we briefly discuss our new findings again (Fig. 6 ). One is a pair of high-density humps on the evaporated plasma mound. The density enhancements in these humps are about 3 times the environment density. Thus, it would be observable with, for example, the soft X-ray telescope aboard Yohkoh. The other new finding is the high-density blob above the flaring loops. This high-density blob may have some relation with the observed hard X-ray source above the flare loops (Masuda et al. 1994) . This blob has already been found to be a highpressure region by Ugai (1996) and Magara et al. (1996) in their adiabatic MHD simulation. In our case, this is seen as a dense blob because the fast-mode MHD shock is approximately an isothermal shock, although it was an adiabatic one in Magara et al. The density jump is much larger at the isothermal shock than at the adiabatic one. This high density, in conjunction with the nonuniform magnetic field around the fast-mode shock, may be a favorable condition for trapping high-energy electrons and causing the loop-top hard X-ray source (Masuda et al. 1994) . Fig. 1. -Results of the simulation. The upper and lower panels show temporal evolution of temperature and density distribution, respectively. The arrows represent the velocity, and the lines show the magnetic field lines. The unit of length, velocity, time, temperature, and density is 3000 km, 170 km s Ϫ1 , 18 s, , and 10 9 cm Ϫ3 , respectively. In the initial condition ( ), a dense region is located near the bottom of the simulation box in which the density is PLATE L7
